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ABSTRACT

Micellar structures have been proposed for potential application in hydrotropy,
biomimetics, dispersion and emulsification, enhanced oil recovery, detergency, templating, drug delivery, personal care products, drag reduction,
nanoscale reaction vessels, therapeutic gene delivery, bio-catalysis and so
on. Though several studies exist, there still remains a gap in the current
knowledge on structural response of single micelles in solution to uniaxial
extensional flow deformation. These knowledge gaps are possibly due to the
inability of traditional experimental studies to investigate micellar properties
at the time- and length-scale pertinent to self-assembly and micellar dynamics. To this end, this work aims to utilise coarse-grained molecular dynamics
simulations to investigate the dynamics and structural response of various
infinitely dilute micellar solutions under the influence of uniaxial extensional
flow.
Spherical vesicles formed from hexacosanoate anion and octyltrimethylammonium cation; rod-like and worm-like micelles formed from hexacosanoate
and palmitate anions; and branched worm-like micelles formed from cetyltrimethylammonium cation and sodium salicylate anion have been parametrised according to the Martini force field formalism. These structures were simulated
in equilibrium; under uniaxial extensional flow; and in cessation of uniaxial

extensional flow. Changes in micellar structure in uniaxial extensional flow
and subsequent stress responses are presented for each micellar system at
varying deformation rates. It is observed that structural changes and stress
response are dependent on micellar stress relaxation ability whilst undergoing
uniaxial deformation. The nature and varying influence of stress relaxation
as a function of deformation rate is studied for each structure. Deformation of these structures in a direction normal to their principal orientation
is also investigated. It is shown that orientation has a short-term effect on
the dynamics and structural evolution of non-isotropic micellar structures.
Finally, structural and stress responses following cessation of uniaxial extensional flow are presented.
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Chapter 1
Introduction

1.1

Micellar Formation

Surfactants are surface active molecules that promote miscibility and reduce excess energy at interfaces of otherwise immiscible fluids.1–11 They
are characterised by solvophilic and solvophobic moieties that spontaneously
self-assemble at a surfactant-specific concentration, called the critical micellar concentration, into structures that are generally called micelles. This
self-assembly process is entropically driven and aimed at mitigating unfavourable solvent-solvophobic interactions, while simultaneously minimizing
steric and/or electrostatic intra-micellar repulsions.
Micellar structures consist of a solvophobic core and a solvophilic crown
that encompasses the core. In aqueous/polar solutions, micellar structures
are typically characterised by non-ionic, cationic, anionic, or zwitterionic
hydrophilic/lipophobic crowns and hydrophobic/lipophilic cores. In apolar solutions, micellar structures, typically called reverse micelles, consist of
lipophilic crowns and lipophobic cores. Micellar structures have found applications in hydrotropy, biomimetics, dispersion and emulsification, enhanced
1

oil recovery,12 detergency, templating, drug delivery, personal care products,
drag reduction,13 nanoscale reaction vessels, therapeutic gene delivery, biocatalysis and so on.
Owing to their vast potential applications, self-assembled structures have
been extensively studied to gain better understanding of their underlying
physics and mechanisms. Based on these studies, it has been observed that
aqueous solutions of micelles exist in dynamic equilibrium of constant surfactant exchange between the bulk solvent and the self-assembled structure.
Furthermore, micellar morphology has been found to be particularly susceptible to the chemical characteristics of the bulk fluid. Conditions such as
pH, presence of electrolytes, temperature, pressure, concentration, presence
of counter-ion surfactants, presence of nano-particles have been seen to affect
the formation, and transition of micellar structures. Interestingly, geometric
arguments have resulted in a concept called the critical molecular packing
parameter14–16
S=

v
,
a0 lc

(1.1)

where a0 is the equilibrium head group area that is obtained from thermodynamic considerations, while v, lc are the volume and length of solvophobic
core respectively. They are empirically estimated to be a function of the
number of carbon atoms nc in the most common surfactants in aqueous

2

solution:



lc ≈ 1.54 + 1.265nc Å,


v ≈ 27.4 + 26.9nc Å.

(1.2)
(1.3)

Consider a spherical aggregate of radius R made up of g molecules. The
volume V and surface area S of the core are:

4
V = gv = πR3 ,
3

(1.4)

A = ga0 = 4πR2 .

(1.5)

Dividing the aggregate volume by its surface area gives:

4
3
R
gv
V
3 πR
=
=
=
.
A
ga0
4πR2
3
3v
This implies that R = .
a0

(1.6)
(1.7)

Since the radius of the spherical core cannot exceed the length of the
surfactant solvophobic group, this implies that:

3v
,
a0
1
v
and ≤
.
3 a0 lc
lc ≤

3

(1.8)
(1.9)

Thus the range of critical packing parameter values where spherical aggregates are physically possible are

0≤

1
v
≤ .
a0 lc
3

(1.10)

Consider a cylindrical aggregate of radius R and length L made up of g
molecules. The volume V and surface area A of the core are:

V = gv = πR2 L,

(1.11)

A = ga0 = 2πRL.

(1.12)

Dividing the aggregate volume by its surface area gives:

gv
πR2 L
R
V
=
=
= .
A
ga0
2πRL
2
2v
This implies that R = .
a0

(1.13)
(1.14)

Since the radius of the cylindrical core cannot exceed the length of the surfactant solvophobic group, this implies that:

2v
,
a0
1
v
and ≤
,
2 a0 lc
lc ≤

4

(1.15)
(1.16)

Thus the range of critical packing parameter values where cylindrical aggregates are physically possible are

v
1
1
≤
≤ .
3 a0 lc
2

(1.17)

Using similar geometric considerations, the range of critical packing parameter values where bilayer aggregates are physically possible are

v
1
≤
≤ 1.
2 a0 lc

(1.18)

These findings are summarised in fig1.1.
Equilibrium head group area can be obtained from thermodynamic consideration of the free energy associated with transferring a surfactant molecule
into a self-assembled structure from an infinitely dilute state14–16



∆µog
kb T




=

∆µog
kb T




+
T ransf er

∆µog
kb T




+
Interf ace

∆µog
kb T


.

(1.19)

Head

The first term on the RHS of eqn 1.19 represents a negative contribution
to free energy resulting from the transfer of a solvophobic group from unfavourable interactions with the solvent. It is responsible for the micellization
process and is a function of the surfactant solvophobic group but not a function of the self-assembled aggregate size. The second term on the RHS of
5

Figure 1.1: Packing parameter, molecular architecture, and predicted micellar morphology1

6

eqn 1.19 is a positive contribution to free energy resulting from residual interactions between solvophobic groups and the solvent. It is a function of the
surface tension σ and the interfacial area per molecule a of the self-assembled
aggregate. Thus it increases with the aggregate size. The third term on the
RHS of eqn 1.19 is a positive contribution to the free energy that results from
repulsive solvophilic groups at the crown of the self-assembled structure. It
depends on the solvophilic group interaction parameter α and the inverse of
interfacial area per molecule a of the self-assembled aggregate. Thus, this
term increases as the aggregation number increases. This free energy model
can be written as:



∆µog
kb T




=

∆µog
kb T




+

T ransf er




σ
α 1
a+
.
kb T
kb T a

(1.20)

Minimizing the free energy with respect to a gives:


∂ ∆µog
= 0,
∂a kb T

 

σ
α
1
⇒
= 0,
−
kb T
kb T a2
  12
α
⇒ a0 =
.
σ

(1.21)
(1.22)
(1.23)

Based on this thermodynamic consideration, certain conclusions can be drawn
about the micellization process. In aqueous solution of non-ionic surfactants,
7

small-sized hydrophilic group relative to hydrophobic group result in smaller
α, smaller a0 , bigger S, which favours bilayer structures. On the other hand,
larger hydrophilic group relative to hydrophobic group cause larger α, larger
a0 , smaller S, and bias towards cylindrical or spherical structures. Furthermore, when ionic and non-ionic surfactants are compared, the interaction
parameter α of ionic surfactants are expected to be larger because head
groups of ionic surfactants have additional repulsion from electrostatic interactions. Thus, for the same chemical architecture, ionic surfactants may have
smaller packing parameter and different micellar morphology than non-ionic
surfactants. However, the addition of counter-ions to the bulk solution can
screen the head-group electrostatic repulsion and result in smaller α, smaller
a0 , and higher S. By so doing, the addition of counter-ions can cause structural transition from spherical to cylindrical micellar structures. Similar to
counter-ions, the presence of organic solvents in the aqueous solutions results
in lower interfacial tension σ, lower a0 , and lower S. Double-tailed surfactants will have higher S and favour bilayer structures compared with their
single-tailed analogue.

8

1.2

Micellar Transition

At the onset, surfactant molecules exist as monomers in aqueous solution until the critical micellization concentration (CMC) is reached. At the CMC,
surfactant molecules spontaneously self-assemble into micellar structures.
For most common surfactants, the structures formed at CMC are globular. These globular structures exchange surfactant monomers with the bulk
solution and can grow with increase in concentration and other such changes
in the bulk solution.
However, globular micellar growth is limited by the physical constraint that
the radius of the sphere must be less than or equal to the length of the
hydrophobic tail. As such lateral micellar growth and consequent transition
into cylindrical micelles occurs. Initially, cylindrical micelles tend to be short
and rigid and these structures are typically called rod-like micelles (RLM).
As the micelle grows and increases in length, the micellar contour length can
exceed its persistence length; resulting in more flexible structures typically
called worm-like micelles (WLMs).
WLMs bear close structural resemblance to polymer molecules. However,
unlike polymer molecules, WLM exist in a dynamic equilibrium of scission
and recombination, hence the name "living polymers". Due to their analogy
to polymer molecules, several theories relating polymer kinetic, dynamics
9

and relaxation have been adapted for WLMs. One such example is the meanfield theory that has been adapted to proposed an exponential dependence
of average length of WLM to the scission energy for non-ionic surfactants17
and a log-normal dependence for ionic surfactants.18 These results have also
been replicated in molecular dynamics simulations.11
Micellar structures are particularly sensitive to the presence of counter-ions
and electrolytes. As a result of adding electrolytes and/or counter-ions,
spherical micelles can undergo transition to WLM, and WLM can undergo
transition to branched worm-like micelles (BWLM) and other higher order structures. Additionally, the chemical architecture of the counter-ion
also has significant impact on the resulting micellar morphology. For instance, between halide salts, Iodide was seen to promote more micellar
growth than Bromine, which was itself similarly observed to promote more
micellar growth than Chloride. This is due to the differing tendencies for
these halide ions to hydrate in aqueous solution. Chloride has the highest
tendency to hydrate and Iodide has the least tendency to hydrate amongst
the three mentioned halide salts.19 As a result of their relatively higher hydration tendency, Chloride ions tend to be located at the Stern layer of the
micelles; making it less effective at intra-micellar charge screening. Iodide,
on the other hand, tends to be located closer to the micellar crown, making
it more effective at intra-micellar charge screening. The better intra-micellar
10

charge screening encourages micellar closer-packing that in turn encourages
further micellar growth.
Organic salts have been observed to have a more drastic effect on micellar
growth than halide salts. This has been attributed to the ability of aromatic
salts to inter-digitate within the ionic surfactant micellar structure, enabling
its interactions with interfacial water, the charged head group, and the apolar micellar core.9, 20 This inter-digitation results in more efficient charge
screening, closer packing of the surfactants in the micelle, more significant
micellar growth, and transition to higher order structures than are possible
in halide salts.19
Beyond the formation of WLM, further micellar growth can occur through
increase in the lateral length of the micelle or micellar branching. Given a
concentration of ionic surfactant, as the concentration of the binding counterion is increased, micellar branching becomes more energetically favourable.
This is because the end-caps of a WLM has higher energy than the contours.
So the system can reduce the excess energy in the end-caps by fusing with
another micelle in the system. The concentration beyond which branching
occurs depends on the chemical architecture and concentration of the ionic
surfactant, as well as the chemical architecture and concentration of the
binding counter-ions in the systems. Surfactants with longer hydrophobic
tails tend to form higher order structures more rapidly than others with
11

Figure 1.2: Viscosity and relaxation time cationic surfactant as a function of binding counter-ion2

shorter hydrophobic tail. Similarly, binding counter-ions with longer hydrophobic tails tend to form higher order structures than other with shorter
or no hydrophobic tail.
These changes in structure have been known to cause drastic changes in rheological properties of the micellar solution. For instance, a non-monotonic dependence of viscosity and relaxation time on molar ratio of binding counterion has been experimentally observed as seen in fig1.2.2, 21 At the onset of
the curve, the growth of viscosity with counter-ion concentration has been
theorised to be due to micellar growth and transition from spherical micelles
to worm-like micelles that causes up to 6 orders of magnitude increase in
viscosity. After the first peak, the viscosity is seen to decrease and this has
been related to the formation of branches along the micellar contour. This
branch points have been found to slide along the contour length, thus intro12

ducing an addition stress release mechanism to the solution, unlike entangled
worm-like micelles that relax via reptation and micellar scission.22–25 As the
counter-ion concentration is further increased, the branching in the solution increases and viscosity decreases until a second maximum in viscosity
is observed. This second viscosity maximum is related to the formation of
multi-connected network of micelles in the systems. These multi-connected
networks of worm-like micelles are more fluid than worm-like micelles because the branches can still slide, but not as fluid as branched worm-like
micelles. As concentration of counter-ions are further increases, the micelle
becomes over-saturated with counter-ions such that it becomes entropically
favourable for the micellar structure to disintegrate as the counter-ions act
as a hydrotope that increases the solubility of the surfactant. This causes
the eventual decrease in viscosity and relaxation time seen in fig1.2.

1.3

Modelling and Simulation of Soft Matter

Despite the tremendous progress in understanding the underlying mechanisms behind micellar dynamics and kinetics, experimental methods can
be limited by their inability to probe, observe and quantify interactions in
molecular systems with accuracy at the length and time scale of molecular
processes. To this effect, several molecular dynamics simulation methods
13

have been developed to complement the insight obtained from experimental
studies on molecular systems as shown in fig1.3.
Currently, the lowest level method of molecular modelling is the Ab Initio method where the chemical detail of each molecule is specified at the
quantum level and sub-atomic particles are explicitly modelled. This model
has the advantage of higher accuracy as fewer assumptions are made about
the molecule. However, it has the disadvantage of high degree of freedom.
Consequently, this method is typically used to model sub-atomic phenomena that happen on the length scale of angstroms and the time-scale of
femtoseconds. All-Atom molecular modelling makes credible assumptions
about the subatomic configuration and represents molecules with atomic
specificity. Essentially, All-Atom model sacrifices subatomic specificity for
increased simulation time- and length-scale as they can be used to model
molecular systems on the order of nanometre and picoseconds. Further assumptions can be made about the atomic, and molecular details of systems
such that modelling and simulation of even higher length- and time-scales are
possible. These are achieved in coarse-grained, meso-scale and continuum
dynamics.
Coarse-grained molecular modelling has been very useful in studying micellar
structure and interactions. In particular, the Martini Forcefield formalism76
has been particularly useful in modelling surfactant solutions. In this particle
14

Figure 1.3: Hierarchy of molecular modelling and simulation methods

description, 4 big atoms are lumped together to form a particle that may
or may not be bonded to other particles in the system. Under the Martini
formalism, particles are generally categorised into 4 types: polar P, apolar
C, intermediate N, and charged Q and each type is categorised into subtypes
as shown in table 1.1.
Table 1.1: Martini particle definitions.

Type

Sub-type

P

1, 2, 3, 4, 5

Description
Polar beads. 1 is least polar,
5 is most polar
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Continuation of Table 1.1
Type

Sub-type

C

1, 2, 3, 4, 5

Description
Apolar beads. 1 is least polar, 5 is most polar

N

0, d, a, ad

Intermediate beads. 0 has no
hydrogen bond forming capacity, d is hydrogen donor,
a is hydrogen acceptor, da is
hydrogen donor or acceptor

Q

0, d, a, ad

Charged beads. 0 has no hydrogen bond forming capacity, d is hydrogen donor, a is
hydrogen acceptor, da is hydrogen donor or acceptor

In the Martini formalism, bonds are modelled using harmonic potential as in
eqn 1.24; angles are modelled using harmonic potential as in eqn 1.25; pairwise interactions are modelled using Lennard Jones potential as in eqn 1.26;
and electrostatic interactions are modelled using Coulombic interactions as
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in eqn 1.27. Specifically,

2
1
Vbond (b) = Kb b − b0 ,
2

2
1
Vangle (θ) = Kθ cos(θ) − cos(θ0 ) ,
2
" 
 6 #
12
σij
σij
VLJ (rij ) = 4ij
−
,
rij
rij
and VCoulomb (b) =

qi qj
,
4π0 r

(1.24)

(1.25)

(1.26)
(1.27)

where b is bond distance; b0 is the equilibrium bond distance; Kb is the
equilibrium bond force constant; θ is bond angle; θ0 is equilibrium bond
angle; Kθ is equilibrium angle force constant; ij is the energy minima of
interacting pair i and j; σij is the spatial separation distance of the energy
minima of interacting pair i and j; rij is the separation distance between
interacting pair i and j; qi,j is the charge of interacting particle i or j.

1.4

Uniaxial Extensional Deformation

In uniaxial extensional deformation, a simulation box is stretched at predefined deformation rate in one direction and compressed in the other orthogonal directions, while keeping the simulation box orthogonal. The applied
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deformation tensor S is




ε̇ 0 0 


 



1
t


= 0 − ε̇ 0  .
S = ∇v+ ∇v
2


2




ε̇
0 0 −2

(1.28)

The resulting flow field is:

vi = ε̇t,
ε̇
vj = − t,
2
ε̇
vk = − t.
2

(1.29)
(1.30)
(1.31)

where vi is the velocity in the direction of extension, while vj and vk are the
velocities in the direction of compression. These simulations are conducted
such that the divergence of velocity is zero, i.e. 5 · v = 0, and the mass in
the system is conserved.
Rheological studies typically quantify deformation rate with respect to the
non-dimensional Weissenberg number (Wi)

W i ≡ λ,
˙

(1.32)

where λ = longest relaxation time; ˙ = deformation rate. The longest relax18

ation time of a self-assembled structure can be calculated using the autocorrelation function of an intrinsic structural property e.g. orientation, centre
of mass etc..
Interesting results obtained from these simulations include pair, bond, angle,
and total potential energy and coordinates. Bond and angle potential energy
are the potential energy stored in the bonds of the particles due to the
bond distance and bond angle respectively. Pair potential energy is the
potential energy resulting from the interaction of non-bonded pairs. The
total potential energy is the sum of the pair, bond and pair potential energies.
From these results, other important characteristics can be computed. Stress
can be computed from the total potential energy per unit volume. Elastic
modulus can be calculated as the stress per unit strain within the elastic
deformation regime. The radial distribution function g(r) can be calculated
by normalising the frequency of interacting pairs separated by a radius with
the surface area formed by that radius.
Specifically,
N

N

P airP E

1 XX
pi,j ,
=
2 i=1 j=1

BondP E

1 XX
=
bi,j ,
2 i=1 j=1

AngleP E

1 XX
=
ai,j ,
2 i=1 j=1

N

N
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(1.33)

N

(1.34)

N

(1.35)

T otalP E = P airP E + BondP E + AngleP E ,
Stress =

T otal potenial energy
,
V olume

Elastic M odulus =
g(r) =

Stress
,
Strain

1
F reqi,j ,
2πr2

(1.36)
(1.37)
(1.38)
(1.39)

where pi,j , bi,j and ai,j are the pair, bond distance and bond angle potential
energy of interacting pairs i and j respectively. F reqi,j is the total number
of particle j found within a separation distance r of reference particle i.

1.5

Scope and Objective

This study utilises software packages that perform coarse-grained molecular
dynamics to simulate different micellar systems with the aim of understanding the dynamics, as well as stress and structural responses to uniaxial extensional flow field. Chapter 2 focuses on spherical vesicles. Here, the response
of spherical micelles to uniaxial extensional flow is investigated. Micellar dynamics in low, moderate and high deformation rate is discussed. Structural
response of the spherical micelles after exposure to specific deformation rate
and accumulated strain are investigated and presented. The stress relaxation
function is investigated. The hysteresis in loading and unloading stress is
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presented.
In Chapter 3, the response of rod-like and worm-like micelles in uniaxial
extensional flow is presented. Dynamics of the micelles at various deformation rates are discussed, and the stress relaxation mechanisms is discussed.
Structural response of rod-like and worm-like micelles to relaxation following accumulated strain values at specific deformation rate is discussed. The
stress relaxation function, and hysteresis in loading and unloading stress are
presented.
Similarly, Chapter 4 focuses on the response of branched worm-like micelles
in uniaxial extensional flow. As before, the dynamics of the micelles at
various deformation rates are discussed, and the stress relaxation mechanism
is analysed. Micellar stress and structural response after cessation of uniaxial
extensional flow is presented. In Chapter 5, this work is summarised and
future recommendations for research are presented.
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Chapter 2
Dynamics of a Spherical Vesicle

2.1

Introduction

Structures formed by the spontaneous self-assembly of surfactant molecules26–29
have garnered significant interest in the scientific community because of their
vast potential industrial and commercial applications. These micellar structures have been extensively studied to understand their characteristics and
underlying dynamics in viscoelastic solutions.30–42, 42–49 Though the impartation of viscoelasticity is critical to most applications of micellar structures,
there exist other emerging applications for micellar structures where viscoelasticity is not critical. For instance, micellar structures have been proposed as nano-carriers for cancer drug therapy.50–64 Though blood vessels
have length scales on the order of micrometers to millimetres,65 plaque deposition can severely constrict the flow channel of these micellar nano-carriers.
Since constriction in a flow channel can induce an extensional flow field that
may result in significant irreversible deformation of micellar structures,66 it
is of considerable importance to understand the dynamics of spherical structures in extensional field.
22

Experimental methods can be limited by their inability to observe and quantify interactions between atoms at significant length- and time-scale that can
bring clarity to the structure and consequent dynamics of micellar systems.
To this effect, molecular dynamics simulation methods have been developed
to take a closer look and complement the insight obtained from experimental studies on molecular systems. Recently, coarse-grained molecular dynamics (CGMD) simulations have been used to model aqueous solutions of
cetyl trimethyl ammonium chloride (CTAC) and sodium salicylate (NaSal)
and it has quite reliably modelled: the phenomenon of micellization;4 micellar growth, transition, scission, and recombination;9 changes in CTAC
micellar structure with increase in NaSal concentration and the consequent
non-monotonic dependence of solution zero-shear viscosity on mole ratio of
NaSal to CTAC;11 relationship between shear rate, tumbling frequency and
orientation dynamics in simple shear flow that is in good agreement with
mesoscopic theories;67 and micellar mid-plane thinning and scission in solutions of rod-like micelles that are in good agreement with elastocapillary
thinning of a viscoelastic fluid.68 Using the insightful CGMD tool, this work
investigates the dynamics and stress relaxation response of spherical vesicle
in uniaxial extensional flow.

23

2.2

Simulation Details

In this study, self-assembled solutions were formed by solvating previously
formed spherical vesicle in water.69–75 The pre-formed spherical vesicle were
molecular models of hexacosanoate anion and octyltrimethylammonium cation
according to the Martini forcefield formalism.76 In line with the Martini force
field formalism, water was modelled as bead type P4; with additional 10% of
bead type BP4 to prevent unnatural freezing of water at room temperature
and pressure. BP4 and P4 bead types have same interaction parameter values, save the P4-BP4 interaction. Sodium ion was modelled as bead type Qd,
chloride ion was modelled as bead type Qa; hexacosanoate anion was modelled as a chain with 1 hydrophilic bead and 6 hydrophobic beads, making a
total of 7 beads. The hydrophilic bead was modelled as Martini bead type
Qd, while the hydrophobes were modelled as bead type C1. Octyltrimethylammonium cation was modelled as a 3-bead chain with 1 hydrophilic bead
and 2 hydrophobic beads. The hydrophilic bead was modelled as Martini
bead type Q0, while the hydrophobic beads where modelled as bead type
C2. Other details of the particle definition are presented in tables 2.1 to 2.5.
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Table 2.1: Spherical vesicle particle types.

Index

Martini Bead Type

Atoms

Charge

Octyltrimethylammonium cation
1

Q0

CH2 -CH2 -N+ -C3 H9

1

2

C2

C3 H6

0

3

C2

C3 H7

0

Hexacosanoate anion
1

Qa

C-OO−

-1

2

C1

C4 H8

0

3

C1

C4 H8

0

4

C1

C4 H8

0

5

C1

C4 H8

0

6

C1

C4 H8

0

7

C1

C5 H1 1

0

Na+

1

Sodium ion
1

Qd
Chloride ion
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Continuation of Table 2.1
Index

Martini Bead Type

Atoms

Charge

1

Qa

Cl−

-1

4H2 O

0

4H2 O

0

Water
1

P4
Anti-freeze water

1

BP4

Table 2.2: Spherical vesicle angle interaction parameters.

i

j

k

Angle(degrees)

Force Constant(kJ/mol · nm2 )

Octyltrimethylammonium cation
1

2

3

180

25

Hexacosanoate anion
1

2

3

180

25

2

3

4

180

25

3

4

5

180

25

4

5

6

180

25
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Continuation of Table 2.2
i

j

k

Angle(degrees)

Force Constant(kJ/mol · nm2 )

5

6

7

180
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Table 2.3: Spherical vesicle bond interaction parameters.

i

j

Bond length(nm)

Force Constant(kJ/mol)

Octyltrimethylammonium cation
1

2

0.47

1250

2

3

0.47

1250

Hexacosanoate anion
1

2

0.47

1250

2

3

0.47

1250

3

4

0.47

1250

4

5

0.47

1250

5

6

0.47

1250

6

7

0.47

1250
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Table 2.4: Spherical vesicle Lennard Jones pair-wise interaction parameters.

Interacting pair

ij (kJ/mol)

σij (nm)

P4 - BP4

5.6

0.57

P4 - P4

5.0

0.47

P4 - Qa

5.6

0.47

P4 - Q0

5.6

0.47

P4 - Qd

5.6

0.47

P4 - C1

2.0

0.47

P4 - C2

2.3

0.47

Qa - Qa

5.0

0.47

Qa - Q0

4.5

0.47

Qa - Qd

5.6

0.47

Qa - C1

2.0

0.62

Qa - C2

2.0

0.62

Q0 - Q0

3.5

0.47

Q0 - Qd

4.5

0.47

Q0 - C1

2.0

0.62
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Continuation of Table 2.4
Interacting pair

ij (kJ/mol)

σij (nm)

Q0 - C2

2.0

0.62

Qd - Qd

5.0

0.47

Qd - C1

2.0

0.62

Qd - C2

2.0

0.62

C1 - C1

3.5

0.47

C1 - C2

3.5

0.47

C2 - C2

3.5

0.47

Table 2.5: Spherical vesicle simulation box details.

System Information

Value

Water beads

600000

Anti-freeze water beads

60000

Hexacosanoate beads

612

Sodium beads

612

Octyltrimethylammonium beads

99

Chloride beads

99
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Continuation of Table 2.5
System Information

Value

vesicle dimension

11.7nm × 10.5nm × 9.7nm

Box size

20nm × 63.2nm × 58.3nm

Equilibrium and extensional molecular dynamics simulations were carried
out using the LAMMPS77–79 package. During equilibrium simulations, NPT
ensemble at 300K and 1 atm was obtained using the Nose Hoover thermostat
and barostat. The gyration tensor G was calculated from the coordinates
obtained during equilibrium simulations, such that

Gi,j

N
1 X k
(ri − ricm )(rjk − rjcm ),
=
N

(2.1)

k=1

where N is the number of particles in the self-assembled structures, ri is the
x, y, or z coordinate of a particle in the self-assembled structures, and ricm
is the centre of mass of the x, y or z coordinate. A characteristic time-scale
for this structure is obtained from the autocorrelation of the eigen vector of
the largest eigen value of the gyration tensor. This characteristic time was
estimated to be 1ns as seen in figure 2.1.
In non-equilibrium simulations, the system was kept at 300K. The flow direc-
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(a)

Figure 2.1: Autocorrelation function of (a)Spherical vesicle orientation.

tion underwent uniaxial extension at predefined extensional rates while the
compression directions were maintained at 1 atm. In constructing the simulation system, the principal orientation axis of the self-assembled structure
was the X direction such that uniaxial extension applied in the X and Y
directions will be parallel and normal to the principal orientation axis of the
structure. Extensional deformations were carried out in X and Y directions
at W i ∼ 0.3, 0.9, 3, 9, 30, 90 until an accumulated strain of 10 units. Care
was specifically taken to ensure the box dimensions were large enough to
prevent interactions between particles and their periodic image during the
course of the simulation. After accumulated strains values of 1, 3, and 5;
the coordinates of the particles in these systems were extracted and equilibrium simulations were performed to observe stress and structural relaxation
following uniaxial extensional deformation.
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2.3
2.3.1

Results and Discussion
Effect of Deformation Rate on Dynamics

Vesicular dynamics was found to be a function of the deformation rate. At
W i ∼ 0.3, the spherical vesicle under-went flow induced translation/diffusion
like a rigid body. That is, there was no observable distortion to the aspect
ratio as the centre of mass translated in the direction of flow.
This can be explained by the deformation time-scale being much longer than
the relaxation time-scale, thus enabling effective energy dissipation and stress
relaxation during deformation as shown in figs. 2.2 to 2.3. This effective
stress energy dissipation/stress relaxation implies insignificant deformation
on vesicular micro structure, which in turn implies less significant development of unfavourable interactions between polar and apolar moieties as seen
in figs 2.4 and 2.5.
The consequence of mitigated development of unfavourable interactions in
the solution is less significant changes in the entropy of the system that
results in less significant changes in the stress response of the self-assembled
structure as seen in fig 2.2.
At deformation rate such that W i ∼ 3, the time-scale of deformation becomes comparable to that of relaxation. This causes less effective energy
dissipation and stress relaxation during deformation, as shown in figs. 2.2
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(a)

(b)

Figure 2.2: Effect of Wi on (a)stress and (b)elastic modulus of spherical vesicle.

to 2.3, and the flow begins to have significant impact on the micro-structure.
These changes in micro-structure imply the development of unfavourable
polar-apolar interactions, seen in fig 2.4, and corresponding increase in the
system stress response.
When the deformation rate is such that W i ∼ 30, the time-scale for deformation becomes much shorter that of relaxation. This implies vesicular
relaxation ability whilst undergoing deformation is severely diminished. In
this case, flow-induced translational diffusion continues to occur. However,
it is ineffective in dissipating the energy and relieving the stress being applied to the system at this deformation rate. Consequently, the excess energy
stretches the vesicle in the direction of flow and its aspect ratio is sharply
distorted. This distortion of the micro-structure, shown in fig 2.5, causes
development of polar-apolar interactions, decrease in entropy and significant
33

(a)

(b)

Figure 2.3: Effect of Wi on (a)total and (b)pair-wise potential energy of spherical vesicle.

stress response observed in fig 2.2.
The analysis of the elastic modulus, shown in fig 2.2, typifies the trend of
stress response as a function of deformation rate. When the deformation rate
was low and the vesicle had sufficient time to relax during the deformation,
a more solid-like response was observed. However, increasing deformation
rate till its time-scale becomes comparable with the time-scale of relaxation
caused a more liquid response from these vesicular systems.
It was interesting to observe that despite subjecting this system to an accumulated strain value of 10 and a deformation rate of W i ∼ 300, the spherical
vesicle did not undergo scission though it sustained severe distortions to its
micro-structure. This "resistance" to scission is proposed to be due to its
shape isotropy that promotes uniform distribution of stress across the surface
of the vesicular structure thereby discouraging the development of local high
34

(a)

(b)

Figure 2.4: Effect of Wi on g(r) of (a)apolar-apolar and (b)apolar-polar spherical vesicle moieties
after accumulated strain of 5 at equilibrium (2), W i ∼ 0.9 (O), W i ∼ 9 (4), and W i ∼ 90 (+).

energy regions that typically result in vesicular scission. This characteristic
of spherical vesicles makes it an ideal candidate for nano-carrier applications.
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(a)

(b)

(c)

(d)

Figure 2.5: Spherical vesicle structures at accumulated strain of (a)0, (b)3, (c)6, and (d)9. In each
image, the structure at W i ∼ 30 is depicted at the left; W i ∼ 3 in the middle; W i ∼ 0.3 at the right.
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2.3.2

Effect of Orientation on Dynamics

Spherical structures, by nature, are isotropic with nearly equal aspect ratio
and radii of gyration. Consequently, spherical structures were not expected
to have significant difference in spatial distribution, energy, stress, and structural response with respect to the direction of deformation. The results of
this experiment was in agreement with our assumptions as seen in figs. 2.6
to 2.8. Similar to the response in the previous discussion, spherical structures showed insignificant deformation at W i ∼ 0.3; noticeable deformation
at W i ∼ 3; and significant micro-structure distortion at W i ∼ 30.
(a)

(b)

(c)

Figure 2.6: Stress response to deformation at (a)W i ∼ 0.3, (b)W i ∼ 3, and (c)W i ∼ 30 in X (O) and
Y (4) directions.

2.3.3

Stress and Structural Relaxation

When vesicular structure was removed from uniaxial extensional deformation, patterns of structural recovery were observed at investigated deformation rates and accumulated strains. At W i ∼ 0.3, vesicular structure did
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(a)

(b)

(c)

Figure 2.7: Total vesicular potential energy at (a)W i ∼ 0.3, (b)W i ∼ 3, and (c)W i ∼ 30 in X (O)
and Y (4) directions.
(a)

(b)

(c)

Figure 2.8: Apolar-apolar spatial distribution at (a)W i ∼ 0.3, (b)W i ∼ 3, and (c)W i ∼ 30 in
equilibrium (2), X (O), and Y (4) direction deformation field.

not undergo significant distortions, so structural recovery was not observable. At W i ≥ O(1), the vesicular structure promptly re-oriented itself to
shield hydrophobic beads from unfavourable interactions with water.
When W i ∼ 3, structural recovery was observed within 2λ, 5λ, and 10λ
for accumulated strain values of 1, 3, and 5 respectively. When W i ∼ 30,
structures were recovered within 15λ, 35λ, 100λ at accumulated strains of
1, 3 and 5 respectively.
Stress relaxation following uniaxial extensional flow was found to be abrupt
and closely matching an exponential decay function, seen in fig 2.10. This
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(a)

(b)

(c)

Figure 2.9: Polar-apolar spatial distribution at (a)W i ∼ 0.3, (b)W i ∼ 3, and (c)W i ∼ 30 in
equilibrium (2), X (O), and Y (4) direction deformation field.

finding is congruent with experimental and Brownian dynamics simulations
conducted in dilute polymer solutions.80–83 The exponential decay rate was
found to ∼ 10λ, resulting in complete stress relaxation in fractions of the
longest relaxation time. This observation of stress decay time that differed
from the longest relaxation time is in line with multi-mode relaxation models
of viscoelasticity. Thus, one of the faster relaxation modes is thought to be
responsible for the immediate re-alignment of deformed vesicular structure
to shield hydrophobic beads from solvent interactions.
Hysteresis in the loading stress (i.e. the stress response when uniaxial extensional deformation was applied) and the unloading stress (i.e. the stress
response in relaxation following uniaxial deformation) was observed as seen
in fig 2.11. This is analogous to the stress-birefringence hysteresis observed in
dilute polymer solutions.80–83 In viscoelastic fluids, hysteresis in the loading
and unloading stress is thought to be a measure of the energy absorbed by
the complex fluid. However, in micellar structures, this hysteresis is thought
39

(a)

(b)

(c)

(d)

Figure 2.10: Spherical vesicle (a)stress and structure at (b)1λ (c)3λ (d)5λ upon cessation of uniaxial
extensional deformation. In each image, the structure at W i ∼ 30 is depicted at the left; W i ∼ 3 in the
middle; W i ∼ 0.3 at the right.

to be a result of the unfavourable interactions between moieties in the solution. This hypothesis is supported by the fact that abrupt stress relaxation
occurs long before the self-assembled structure completed structural recovery, suggesting that structural evolution is not primarily responsible for the
hysteresis in these systems as seen in fig 2.10.
Congruent with the finite extensible nonlinear elastic (FENE) model, stress
hysteresis was observed to grow with accumulated strain and deformation
rate as seen in fig 2.11. This observation is in-line with the current theory
of stress hysteresis. That is, a larger value of accumulated strain implies a
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greater time window for the addition of excess energy into the system via
uniaxial extension. Thus, it is logical that a measure of the absorbed energy
in the system will increase with accumulated strain. In the same way, the
increase of stress hysteresis with deformation rate can also be explained. As
mentioned earlier, during the course of deformation, the vesicular structure is
able to effectively relax when the deformation rate is low. This follows that a
significant fraction of the imparted excess energy can be dissipated in tandem
with the added energy during the addition of excess energy via deformation.
On the other hand, as the deformation rate increases, the vesicle is less
effective at relaxing the added energy, causing greater hysteresis, a measure
of the absorbed energy, to increase.

2.4

Conclusion

Uniaxial extension deformation was imposed on a system consisting of solvated spherical vesicle. At certain predefined deformation rates and accumulated strain, the structures were extracted, analysed and subjected to
equilibrium simulation for the observation of stress and structural relaxation.
At low deformation rate, this vesicle was observed to undergo flow-induced
translation (with no observable perturbations to its aspect ratio) as its predominant stress release mechanism. At deformation occurring at a time-scale
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comparable to the relaxation time, distortions to the aspect ratio were observed. At deformation rates with time-scale much shorter than relaxation
time, significant distortions were observed in the vesicular micro-structure.
The vesicle was observed to be particularly "resistant" to scission and it was
suggested that its shape isotropy aided in the distribution of stress across
the vesicular surface area, making it easy to neutralise local build up of
stress that has been known to cause vesicular scission. The orientation of
deformation was observed to have insignificant impact to vesicular stress,
dynamics and structural response to uniaxial deformation. This is proposed
to be due to the uniformity of its aspect ratio.
Spherical vesicles were also found to readily relax with the initial decay
matching an exponential function. The exponential decay rate was found
to be greater than the longest relaxation time of the vesicle, resulting in
stress relaxation in fractions of the longest relaxation time. Hysteresis in
the loading and unloading stress was observed to increase with the rate of
deformation and total accumulated strain.
In all investigated deformation rates and accumulated strain, elastic structural recovery in relaxation following uniaxial extensional deformation was
achieved. These characteristics of spherical vesicles make them particularly
suited for nano-carrier applications, such as in drug delivery.
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(a)

(b)

(c)

(d)

Figure 2.11: Loading (O) and unloading (4) stress hysteresis at (a)W i ∼ 0.9, (b)W i ∼ 9, and
(c)W i ∼ 90. (d)Area under the loading-unloading curve of spherical vesicle as a function of
accumulated strain.
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Chapter 3
Dynamics of Cylindrical Micelles

3.1

Introduction

Surfactant molecules are characterised by chemical moieties that enable them
spontaneously self-assemble in solution. When the concentration of these
surfactants is dilute, globular structures tend to be preferred. Increasing
the concentration of these surfactants typically causes micellar growth, and
in some cases, structural transition to cylindrical micelles. Initially, these
cylindrical micelles are rigid (rod-like micelles) until further lateral growth
beyond its persistence length. When micelles achieve contour lengths above
their persistence lengths (worm-like micelles), their structure and dynamics
start to closely resemble that of polymer solutions. Unlike polymer molecules
that are quenched during synthesis, worm-like micelles typically exist in a
dynamic equilibrium of scission and recombination, earning them the name
"equilibrium/living polymer". Similar to polymer systems, micellar solutions can entangle when their volume fraction exceeds a critical value. Since
worm-like micelles undergo similar dynamics and stress relaxation as polymer solutions, reptation has been theorised to be the predominant stress
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release mechanism in entangled, and concentration micellar solutions.
In reptation theory,84–87 micelles are theorised to undergo stress relaxation
via one-dimensional diffusion along a primitive path mapped by the topological constraints on the micellar contours. Micellar structures, unlike polymers
that are chemically bonded, can undergo scission and recombination, which
provides an additional stress release mechanism. In these systems, the dominant stress release mechanism depends on the time-scale of the scission and
reptation. When the time for reptation is short compared with scission, the
micelle undergoes reptation as its dominant relaxation mechanism. When
the time-scale for scission is short, the micelle undergoes scission as its dominant stress release mechanism. In this regime, worm-like micellar linear
viscoelastic response had been described as Maxwell fluids with a single relaxation time that is the geometric mean of the time-scales of scission and
reptation.17, 88 Temporary branching of entangled worm-like micelles, called
ghost-like crossings, have also been theorised as an additional stress release
mechanism.
Differences in stress relaxation of different micellar structures is succinctly
depicted in solutions of ionic surfactants with binding counter-ion salts where
non-monotonic dependence and double viscosity peaks were observed as salt
concentration was changed.2, 19, 21 The first viscosity peak was associated
with worm-like micellar growth, the first trough was associated with branch45

ing of the worm-like micelles that introduced additional fluidity to the system, and the second peak was associated with the formation of entangled
multi-connected networks of worm-like micelles. These results have also been
confirmed using coarse-grained molecular dynamics simulations.68
Under the influence of shear flow, worm-like micelles have been observed
to undergo flow alignment, and shear thinning. In these systems, it is understood that the rotational component of the flow causes coiled, stretched,
and tumbling dynamics with a frequency that increases with the deformation
rate.67 In some instances, shear-bands caused by shear-induced structuring
can occur in micellar solutions as a result of shear-induced transition from
disordered to ordered states. Upon exposure to elongational deformation,
these structures have been observed to strain-harden in some experiments
and this strain-hardening was theorised to be due to flow-induced micellar
growth. In other experiments, micellar growth was not observed. Though
stress hysteresis has been observed in polymer solutions due to differing stress
evolution in relaxation after deformation,89 the existence of stress hysteresis
in micellar solutions is still debatable.90
Though extensive work has been done in understanding micellar dynamics,91–103, 103–110 there exists a gap in the understanding of micellar dynamics
and relaxation in dilute systems. To this end, this work investigates the
dynamics and stress relaxation mechanisms of systems consisting of a single
46

rod-like, and worm-like micelle in aqueous solution under uniaxial extensional flow field.

3.2

Simulation Details

In this study, self-assembled solutions were formed by solvating previously
formed rod-like and worm-like micelle in water. The pre-formed rod-like
and worm-like micelle111–117 were molecular models of hexacosanoate anion
and palmitate anion according to the Martini forcefield formalism. In line
with the Martini force field formalism, water was modelled as bead type
P4; with additional 10% of bead type BP4 to prevent unnatural freezing
of water at room temperature and pressure. BP4 and P4 bead types have
same interaction parameter values, save the P4-BP4 interaction. Sodium
ion was modelled as bead type Qd; hexacosanoate anion was modelled as
a chain with 1 hydrophilic bead and 6 hydrophobic beads, making a total
of 7 beads. The hydrophilic bead was modelled as Martini bead type Qd,
while the hydrophobes were modelled as bead type C1. Palmitate anion
was modelled as a 5-bead chain with 1 hydrophilic bead and 4 hydrophobic
beads. The hydrophilic bead was modelled as Martini bead type Qa, while
the hydrophobic beads where modelled as bead type C1. Other details of
the particle definition are presented in tables 3.1 to 3.6.
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Table 3.1: Cylindrical micelle particle types.

Index

Martini Bead Type

Atoms

Charge

Palmitate anion
1

Qa

C-OO−

-1

2

C1

C3 H6

0

3

C1

C4 H8

0

4

C1

C4 H8

0

5

C1

C4 H9

0

Hexacosanoate anion
1

Qa

C-OO−

-1

2

C1

C4 H8

0

3

C1

C4 H8

0

4

C1

C4 H8

0

5

C1

C4 H8

0

6

C1

C4 H8

0

7

C1

C5 H1 1

0

Sodium ion
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Continuation of Table 3.1
Index

Martini Bead Type

Atoms

Charge

1

Qd

Na+

1

Cl−

-1

4H2 0

0

4H2 0

0

Chloride ion
1

Qa
Water

1

P4
Anti-freeze water

1

BP4

Table 3.2: Cylindrical micelle angle interaction parameters.

i

j

k

Angle(degrees)

Force Constant(kJ/mol · nm2 )

Palmitate anion
1

2

3

180

25

2

3

4

180

25

3

4

5

180

25

Hexacosanoate anion

49

Continuation of Table 3.2
i

j

k

Angle(degrees)

Force Constant(kJ/mol · nm2 )

1

2

3

180

25

2

3

4

180

25

3

4

5

180

25

4

5

6

180

25

5

6

7

180

25

Table 3.3: Cylindrical micelle bond interaction parameters.

i

j

Bond length(nm)

Force Constant(kJ/mol)

Palmitate anion
1

2

0.47

1250

2

3

0.47

1250

3

4

0.47

1250

4

5

0.47

1250

Hexacosanoate anion
1

2

0.47

1250
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Continuation of Table 3.3
i

j

Bond length(nm)

Force Constant(kJ/mol)

2

3

0.47

1250

3

4

0.47

1250

4

5

0.47

1250

5

6

0.47

1250

6

7

0.47

1250

Table 3.4: Cylindrical micelle Lennard Jones pair-wise interaction parameters.

Interacting pair

ij (kJ/mol)

σij (nm)

P4 - BP4

5.6

0.57

P4 - P4

5.0

0.47

P4 - Qa

5.6

0.47

P4 - Qd

5.6

0.47

P4 - C1

2.0

0.47

Qa - Qa

5.0

0.47

Qa - Qd

5.6

0.47

Qa - C1

2.0

0.62

51

Continuation of Table 3.4
Interacting pair

ij (kJ/mol)

σij (nm)

Qd - Qd

5.0

0.47

Qd - C1

2.0

0.62

C1 - C1

3.5

0.47

Table 3.5: Rod-like micelle simulation box details.

System Information

Value

Water beads

430000

Anti-freeze water beads

43000

Palmitate beads

64

Sodium beads

64

Hexacosanoate beads

471

Sodium beads

471

Micelle dimension

17.9nm × 8.2nm × 7.3nm

Box size

25.0nm × 59.1nm × 54.6nm
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Table 3.6: Worm-like simulation box details.

System Information

Value

Water beads

605000

Anti-freeze water beads

60500

Palmitate beads

837

Sodium beads

837

Hexacosanoate beads

124

Sodium beads

124

Micelle dimension

23.5nm × 13.9nm × 14.0nm

Box size

25.8nm × 62.6nm × 63.1nm

Equilibrium and extensional molecular dynamics simulations were carried
out using the LAMMPS77–79 package. During equilibrium simulations, NPT
ensemble at 300K and 1 atm was obtained using the Nose Hoover thermostat
and barostat. The gyration tensor G was calculated from the coordinates
obtained during equilibrium simulations, such that

Gi,j

N
1 X k
=
(ri − ricm )(rjk − rjcm ),
N
k=1

53

(3.1)

where N is the number of particles in the self-assembled structures, ri is the
x, y, or z coordinate of a particle in the self-assembled structures, and ricm
is the centre of mass of the x, y or z coordinate. A characteristic time-scale
for this structure is obtained from the autocorrelation of the eigen vector of
the largest eigen value of the gyration tensor. This characteristic time was
estimated to be 3ns for the rod-like and worm-like micelle as seen in figure
3.1.
(a)

(b)

Figure 3.1: Autocorrelation function of (a)rod-like (b)worm-like micellar orientation.

In non-equilibrium simulations, the system was kept at 300K. The flow direction underwent uniaxial extension at predefined extensional rates while the
compression directions were maintained at 1 atm. In constructing the simulation system, the principal orientation axis of the self-assembled structure
was the X direction such that uniaxial extension applied in the X and Y
directions will be parallel and normal to the principal orientation axis of the
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structure. Extensional deformations were carried out in X and Y directions
at W i ∼ 0.3, 0.9, 3, 9, 30, 90 until an accumulated strain of 10 units. Care
was specifically taken to ensure the box dimensions were large enough to
prevent interactions between particles and their periodic image during the
course of the simulation. After accumulated strains values of 1, 3, and 5;
the coordinates of the particles in these systems were extracted and equilibrium simulations were performed to observe stress and structural relaxation
following uniaxial extensional deformation.

3.3
3.3.1

Results and Discussion
Effect of Deformation Rate on Dynamics of Cylin-

drical Micelle
The dynamics and stress response of this system was observed to depend on
the deformation rate. When the deformation rate was such that W i ∼ 0.3,
the micelle was observed to undergo flow-induced translational diffusion as
its relaxation mechanism. However, unlike the spherical vesicle that had nonobservable perturbations to its aspect ratio, this rod-like micelle underwent
perturbations in the axial direction while drifting in the direction of flow.
Since the time-scale for deformation at this rate was much longer than the
relaxation time, the structure was able to effectively relax whilst under
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extensional flow field, resulting in the dissipation of applied energy, easing of stress, insignificant distortion to its micro-structure, mitigation of
unfavourable polar-apolar interactions, and low stress response as seen in
figs. 3.2 to 3.4.
(a)

(b)

Figure 3.2: Effect of Wi on (a)stress and (b)elastic modulus of rod-like micelle.

(a)

(b)

Figure 3.3: Effect of Wi on (a)total and (b)pair-wise potential energy of rod-like micelle.
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(a)

(b)

Figure 3.4: Effect of Wi on g(r) of (a)apolar-apolar and (b)apolar-polar rod-like micellar moieties
after accumulated strain of 5 at equilibrium (2), W i ∼ 0.9 (O), W i ∼ 9 (4), and W i ∼ 90 (+).

Worm-like micelles showed similar dynamics as rod-like micelles. When the
deformation rate was low and W i ∼ 0.3, flow-induced translational diffusion and axial perturbations were observed. These axial and contour length
perturbations are proposed to be responsible for stress distribution that result in neutralisation of local high energy regions along the micellar contour
length. Since local high energy regions were neutralised, the likelihood of
micellar scission at this deformation rate was significantly lowered as seen in
figs. 3.6 to 3.8.
When the deformation rate was increased, at W i ∼ 3, such that its timescale was comparable to that of relaxation, significant micellar distortion
began to occur in addition to micellar drift in the direction of flow. This distortion to the micro-structure is caused by the diminished micellar ability to
relax during deformation, and resulted in development of unfavourable polar57

(a)

(b)

(c)

(d)

Figure 3.5: Rod-like micelle structures at accumulated strain of (a)0, (b)3, (c)6, and (d)9. In each
image, the structure at W i ∼ 30 is depicted at the left; W i ∼ 3 in the middle; W i ∼ 0.3 at the right.

apolar interactions. The development of unfavourable interactions resulted
in decreased system entropy, that in turn caused increased stress response,
as seen in figs. 3.2 to 3.5.
Micellar scission is thought to result from relatively non-homogeneous counterion translation during deformation that cause local ion depletion and highenergy regions within the micellar contour length, resulting in increased susceptibility to scission.68 At Wi ≥ O(1), the less effective micellar stress
relaxation is proposed to permit the persistence of uneven stress distribu58

(a)

(b)

Figure 3.6: Effect of Wi on (a)stress and (b)elastic modulus of worm-like micelle.

tion along the surface of the structure. This in turn resulted in local regions
of high energy that caused micellar scission, as observed in figs 3.5 and 3.9.
Micellar scission occurred at different points on the contour length, and the
child-micelles of this worm-like micelles had different lengths. This finding
is in agreement with mean field theory. After micellar scission, the childmicelles continued to undergo flow-induced translation. Though further
scission of the child-micelles were not observed in this experiment, they are
theoretically possible if the child-micelles develop local high-energy regions
that make micellar scission energetically favourable.
The elastic modulus, shown in figs 3.2 and 3.6, showed similar variation to
deformation rate as stress. When the deformation rate was low and the
micelle had sufficient time to relax during the deformation, a more solid-like
response was observed. However, increasing deformation rate till its time59

(a)

(b)

Figure 3.7: Effect of Wi on (a)total and (b)pair-wise potential energy of worm-like micelle.

scale becomes comparable with the time-scale of relaxation caused a more
liquid response from these micellar systems, as is typical for these kinds of
materials.

3.3.2

Effect of Orientation on Dynamics

Cylindrical micelles are structurally anisotropic with potentially vastly different aspect ratios. Thus the direction of deformation relative to the orientation of the micelle may potentially influence the micellar structure and
stress response in uniaxial deformation.
Structural response to normal-direction deformation flow (i.e. flow in a direction normal to the micellar orientation) was observed to be similar to
its response to parallel-direction flow (i.e flow in a direction parallel to the
micellar orientation). At low deformation rate, the micelle was observed
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(a)

(b)

Figure 3.8: Effect of Wi on g(r) of (a)apolar-apolar and (b)apolar-polar worm-like micelle moieties
after accumulated strain of 5 at equilibrium (2), W i ∼ 0.9 (O), W i ∼ 9 (4), and W i ∼ 90 (+).

to undergo flow-induced translation. Though uniaxial deformation lacks a
rotational component, during the course of this flow, the micelle gradually
re-aligned itself such that its orientation was parallel to the deformation direction. Though it was not observed, it is expected that given sufficient
time, these cylindrical micelles will completely align itself to the flow direction. This flow alignment was possible because the time-scale for relaxation
was shorter than the time-scale for deformation, affording the micelle the
opportunity to relieve some stress on its structure by re-aligning itself to
the flow direction. At moderate and high deformation rate, flow induced
translation, alignment were diminished, and micro-structure distortion were
observed.
Analysis of the stress showed some variations in the stress response in normaland parallel-direction flow for both types of cylindrical micelles explored.
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(b)
(a)

(d)
(c)

Figure 3.9: Worm-like micelle structures at accumulated strain of (a)0, (b)3, (c)6, and (d)9. In each
image, the structure at W i ∼ 30 is depicted at the left; W i ∼ 3 in the middle; W i ∼ 0.3 at the right.

This disparity was more significant for moderate deformation rate and less
significant in low and higher deformation rate. Analysis of the energy, presented in figs 3.11 and 3.15, obtained from normal- and parallel-direction flow
revealed that the disparity in energy was primarily observed in the pair-wise
potential energy as seen in figs 3.11 and 3.15. Furthermore, analysis of the
radial distribution function showed disparity in the spatial distribution of polar and apolar micellar moieties. Essentially, parallel-direction flow resulted
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(a)

(b)

(c)

Figure 3.10: Effect of rod-like micellar orientation on stress response at (a)W i ∼ 0.3 (b)W i ∼ 3
(c)W i ∼ 30 in parallel (O) and normal (4) direction deformation field with respect to micellar
principal orientation.
(a)

(b)

(c)

Figure 3.11: Effect of rod-like micellar orientation on pair-wise micellar energy at (a)W i ∼ 0.3
(b)W i ∼ 3 (c)W i ∼ 30 in parallel (O) and normal (4) direction deformation field with respect to
micellar principal orientation.

in greater development of non-favourable polar-apolar interactions compared
with normal-direction flow as seen in figs. 3.13 to 3.12 and figs. 3.16 to 3.17.
Since this disparity in stress and pair potential energy was absent in spherical micelles, it is proposed that the shape anisotropy is responsible for this.
Specifically, in anisotropic structures, the micelle expends some added energy in performing flow-alignment. Thus whilst flow-alignment occurs, it is
proposed that the parallel-and normal direction flow will show disparity and
after flow alignment, this disparity will diminish. It is noteworthy that the
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(a)

(b)

(c)

Figure 3.12: Effect of rod-like micellar orientation on apolar-apolar spatial distribution at
(a)W i ∼ 0.9 (b)W i ∼ 9 (c)W i ∼ 90 in parallel (O) and normal (4) direction deformation field with
respect to micellar principal orientation.
(a)

(b)

(c)

Figure 3.13: Effect of rod-like micellar orientation on apolar-polar spatial distribution at (a)W i ∼ 0.9
(b)W i ∼ 9 (c)W i ∼ 90 in parallel (O) and normal (4) direction deformation field with respect to
micellar principal orientation.

less significant disparity found in low deformation rate is thought to be due
to effective relaxation that dissipates practically all excess applied energy
to the system at that deformation rate. Similarly, the less significant disparity in stress at high deformation rate was a result of micellar ineffective
relaxation before severe distortion to the micro-structure. Hypothetically, if
the simulation is continued after complete alignment of the micelle to the
direction of flow, similar distortions to the micro-structure should occur as
was found in parallel-direction flow.
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(a)

(b)

(c)

Figure 3.14: Effect of worm-like micellar orientation on stress response at (a)W i ∼ 0.3 (b)W i ∼ 3
(c)W i ∼ 30 in parallel (O) and normal (4) direction deformation field with respect to micellar
principal orientation.
(a)

(b)

(c)

Figure 3.15: Effect of worm-like micellar orientation on pair-wise micellar energy at (a)W i ∼ 0.3
(b)W i ∼ 3 (c)W i ∼ 30 in parallel (O) and normal (4) direction deformation field with respect to
micellar principal orientation.

3.3.3

Stress and Structural Relaxation

The first observable difference in the micellar structure upon cessation of
uniaxial deformation is the immediate re-orientation of surfactant molecules
such that hydrophobic groups were shielded from entropically unfavourable
interactions with the aqueous solution. Subsequently, micellar configuration
was observed to be a function of the deformation rate and the total subjected
strain. When the deformation rate was such that W i ∼ 0.3, no structural
distortion was observed in the rod-like or worm-like micelle during uniaxial
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(a)

(b)

(c)

Figure 3.16: Effect of worm-like micellar orientation on apolar-apolar spatial distribution at
(a)W i ∼ 0.9 (b)W i ∼ 9 (c)W i ∼ 90 in parallel (O) and normal (4) direction deformation field with
respect to micellar principal orientation.
(a)

(b)

(c)

Figure 3.17: Effect of worm-like micellar orientation on apolar-polar spatial distribution at
(a)W i ∼ 0.9 (b)W i ∼ 9 (c)W i ∼ 90 in parallel (O) and normal (4) direction deformation field with
respect to micellar principal orientation.

extensional flow, thus no recovery was evident.
When the deformation rate was comparable to the relaxation time, such
that W i ∼ 3, rod-like micelle structural recovery was observed within ∼ 8,
∼ 30, and  50λ at accumulated strain values of 1, 3, and 5 respectively.
In these cases, structural recovery was akin to elastic recovery after relief
from strain. In case of an accumulated strain value of 5, rod-like micellar
scission began was not concluded during uniaxial extension. When extension
was discontinued, micellar scission continued and two child spherical micelles
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were formed. Given sufficient time, it is theoretically possible for these childmicelles to recombine in a structure similar to the parent rod-like micelle.
However, during the time frame of this experiment, the child-micelles did
not recombine.
When the time-scale for deformation was shorter than the relaxation time
such that W i ∼ 30, rod-like micelle structural recovery was observed within
∼ 15λ after being subjected to an accumulated strain of unity. After being
subjected to an accumulated strain values of 3 and 5 at this deformation
rate, rod-like micelle, (that was stretched but did not undergo scission during uniaxial deformation) underwent spontaneous micellar scission during
relaxation and the number of resulting child micelles increased with accumulated strain. In this case, as before, it is theoretically possible for these
child-micelles to recombine to form a structure similar to the parent-micelle.
However, during the course of this experiment, these child-micelles did not
undergo recombination.
The relaxation of worm-like micelles in parallel-direction flow bore several
similarities with that of rod-like micelles. When non-severe micro-structure
distortions and no micellar scission occurred, the micelle underwent elastic
recovery. When more severe micro-structure distortion occurred, worm-like
micelles were observed to undergo spontaneous scission (even when the structures did not undergo scission during extensional flow) and the number of
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child-micelles increased with deformation rate and total subjected strain.
The relaxation of the rod-like micelle in normal-direction flow was similar
to its response in parallel-direction flow. However, none of the structures
obtained from normal-direction flow underwent spontaneous micellar scission
during equilibrium simulation after deformation. This is thought to be due
to the less severe micro-structure distortion done in normal-direction flow
compared with parallel-direction flow.
Interestingly, worm-like micelle exposed to normal-direction flow relaxed into
a structure similar to the initial structure at W i ≤ 1 and relaxed into a
branched worm-like micelle at W i ∼ 30. This difference in the relaxed structure is possibly due to the differences in deformation pattern that occurred
during uniaxial extensional. It is theoretically possible for the branched
worm-like micelle to undergo structural transition to worm-like micelle similar to the parent micelle. However this did not occur during the time frame
of this investigation.
Abrupt stress relaxation was observed in these cylindrical micellar systems
upon cessation uniaxial extensional deformation. This stress decay was fitted to an exponential decay function with a relaxation time larger than
the longest relaxation time of the micellar structure, presented in figs. 3.18
to 3.19. The exponential stress decay is proposed to be a result of the immediate re-alignment of deformed micellar structure to shield hydrophobic
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(a)

(b)

(c)

(d)

Figure 3.18: Rod-like micelle (a)stress and structure at (b)1λ (c)3λ (d)5λ upon cessation of uniaxial
extensional deformation. In each image, the structure at W i ∼ 30 is depicted at the left; W i ∼ 3 in the
middle; W i ∼ 0.3 at the right.

beads from solvent interactions. Experiments and Brownian dynamics simulations conducted in dilute polymer solutions also observed fast decay rate
compared with the relaxation time.80–83 This fast decay rate resulted in
stress relaxation within fractions of the longest relaxation time of these micellar structures. This observation of a faster stress relaxation time agrees
with the vast number of multi-mode stress relaxation models for soft matter.
Analysis of the loading stress (i.e. the stress response when uniaxial extensional deformation was applied) and the unloading stress (i.e. the stress
response in relaxation following uniaxial deformation) revealed a stress hys69

(a)

(b)

(c)

(d)

Figure 3.19: Worm-like micelle (a)stress and structure at (b)1λ (c)3λ (d)5λ upon cessation of
uniaxial extensional deformation. In each image, the structure at W i ∼ 30 is depicted at the left;
W i ∼ 3 in the middle; W i ∼ 0.3 at the right.

teresis that is analogous to the stress-birefringence hysteresis observed in
dilute polymer solutions.80–83 However, unlike polymer solutions, this hysteresis is proposed to be a result of the development of unfavourable interactions between polar and apolar moieties in the system. Specifically, abrupt
stress decrease was observed in the systems at time-scales much shorter than
the time required for structural recovery, as seen in figs. 3.18 to 3.19, because
apolar moieties were abruptly shielded from unfavourable interactions with
polar moieties.
This stress hysteresis appeared to grow with accumulated strain and the
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deformation rate of the previous uniaxial extensional simulation as seen in
figs. 3.20 to 3.21 in congruence with the finite extensible non-linear elastic
(FENE) model. Loading and unloading stress hysteresis is thought to be a
measure of the absorbed energy in the system. This increase in hysteresis
with deformation rate and accumulated strain can be understood within
this theory. At higher deformation rate, effective relaxation of the micelles
whilst undergoing uniaxial deformation ensures that a significant fraction of
the excess energy in the system is dissipated. Increasing deformation rate
implies less effective stress relaxation. Therefore increasing deformation rate
also implies less significant excess energy dissipation. This being the case, it
is logical for a measure of the absorbed energy in the system, i.e. hysteresis,
to increase with deformation rate. Along similar lines, we can explain the
increase of hysteresis with accumulated strain. Larger values of accumulated
strain implies larger time frame for uniaxial deformation and introduction
of excess energy into the system. Thus, it is logical for hysteresis to increase
with accumulated strain.

3.4

Conclusion

Uniaxial extension deformation was imposed on a system of solvated cylindrical micelles in directions parallel and normal to the micellar orientation. At
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certain predefined deformation rates and accumulated strain, the structures
were extracted, analysed and subjected to equilibrium simulation.
At low deformation rate and parallel-direction flow, these micelles underwent
flow-induced translation, and axial perturbations as stress release mechanisms. As the time-scale of deformation shortened, these relaxation mechanisms became inefficient at relaxing the stress on the micelle causing microstructure distortions, micellar scission, decrease in entropy and increase in
stress response. The child-micelles formed from the scission of worm-like
micelles were of different lengths suggesting that micellar scission occurs
randomly on the micellar contour length, as predicted by the mean field
theory.
When the micelle was exposed to normal-direction flow, flow-alignment occurred as a potentially additional source of stress relaxation. On average, the
stress response from normal-direction flow was lower than parallel-direction
flow due to energy expended in undergo flow alignment. When complete flow
alignment is achieved, it is proposed that the stress disparity in parallel- and
normal deformation will be eliminated.
Micellar scission was observed to readily happen in relaxation following
parallel-direction flow, unlike in normal-direction flow. When normal-direction
flow was applied to the worm-like micelle system, structural transition to
branched worm-like micelle occurred in relaxation after deformation at high
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deformation rate. These child-micelles obtained can theoretically recombine
to form a structure similar to the parent micelles, though this was not observed during the time frame of this investigation.
Micellar stress was observed to exponentially relax in these systems, similar
to previous studies of dilute polymer solutions. The decay rate of this exponential function was found to be larger than the longest relaxation time of
this micelle, enabling the micelle to relax in a fraction of its relaxation time.
Hysteresis in the loading and unloading stress was observed to increase with
deformation rate and accumulated strain.
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(a)

(b)

(c)

(d)

Figure 3.20: Loading (O) and unloading (4) stress hysteresis at (a)W i ∼ 0.9, (b)W i ∼ 9, and
(c)W i ∼ 90. (d)Area under the loading-unloading curve of rod-like micelle as a function of accumulated
strain.
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(a)

(b)

(c)

(d)

Figure 3.21: Loading (O) and unloading (4) stress hysteresis at (a)W i ∼ 0.9, (b)W i ∼ 9, and
(c)W i ∼ 90. (d)Area under the loading-unloading curve of worm-like micelle as a function of
accumulated strain.
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Chapter 4
Dynamics of a Branched Micelle

4.1

Introduction

Structures formed by the spontaneous self-assembly of surfactant molecules
have garnered significant interest in the scientific community because of their
vast potential industrial and commercial applications. Worm-like micellar
structures are of particular interest to the scientific community because of
their ability to introduce significant viscoelasticity to solutions.2, 19, 21 Analogy has been found between worm-like micellar and polymer solutions in that
reptation is a significant stress release mechanism in both systems. However,
unlike polymers, worm-like micelles exist in a dynamic equilibrium of continuous scission and recombination that introduces an additional stress release
mechanism. Essentially, reptation dominates in worm-like micellar solutions
when its time-scale is shorter than that of scission, while scission dominates
when the converse is true. Systems of branched worm-like micelles have been
observed to be more fluid than entangled worm-like micellar solutions and
this has been theorised to result from branch sliding, or ghost-like crossings
along the contour length of the micelle. These differences in stress relaxation
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is manifested in solutions of ionic surfactants with binding counter-ion salts
where non-monotonic dependence and double viscosity peaks were observed
as salt concentration was changed. The first viscosity peak was associated
with worm-like micellar growth, the first trough was associated with branching of the worm-like micelles that introduced additional fluidity to the system, and the second peak was associated with the formation of entangled
multi-connected networks of worm-like micelles. These results have also been
confirmed using coarse-grained molecular dynamics simulations.68
Though extensive work has been done in understanding micellar dynamics in viscoelastic solutions,99, 105, 118–129, 129–136 there exists a gap in the understanding of micellar dynamics in dilute solutions where viscoelasticity
is non-applicable. Experimental methods can be limited by their inability
to observe and quantify interactions between atoms at significant lengthand time-scale that can bring clarity to the structure and consequent dynamics of micellar systems. To this effect, molecular dynamics simulation methods have been developed to take a closer look and complement
the insight obtained from experimental studies on molecular systems. Recently, coarse-grained molecular dynamics (CGMD) systems have been used
to model aqueous solutions of Cetyl trimethyl ammonium chloride (CTAC)
and Sodium Salicylate (NaSal) and it has quite reliably modelled: the phenomenon of micellization;4 micellar growth, transition, scission, and recombi77

nation;9 changes in CTAC micellar structure with increase in NaSal concentration and the consequent non-monotonic dependence of solution zero-shear
viscosity on mole ratio of NaSal to CTAC;11 relationship between shear rate,
tumbling frequency and orientation dynamics in simple shear flow that is in
good agreement with mesoscopic theories;67 and micellar mid-plane thinning
and scission in solutions of rod-like micelles that are in good agreement with
elastocapillary thinning of a viscoelastic fluid.68 Using the insightful CGMD
tool, this work investigates the dynamics and stress relaxation mechanisms of
systems consisting of a single branched worm-like micelle in aqueous solution
under uniaxial extensional flow field.

4.2

Simulation Details

In this study, self-assembled solutions were formed by solvating previously
formed branched worm-like micelle137–143 in water. The pre-formed branched
worm-like were molecular models of salicylate anion and cetyltrimethylammonium cation according to the Martini forcefield formalism.76 In line with
the Martini force field formalism, water was modelled as bead type P4; with
additional 10% of bead type BP4 to prevent unnatural freezing of water
at room temperature and pressure. BP4 and P4 bead types have same interaction parameter values, save the P4-BP4 interaction. Sodium ion was
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modelled as bead type Qd, chloride ion was modelled as bead type Qa; salicylate anion was modelled as a chain with 1 hydrophilic bead and 3-ring
hydrophobic beads, making a total of 4 beads. The hydrophilic bead was
modelled as Martini bead type Qd, while the hydrophobes were modelled as
bead type SC4. Cetyltrimethylammonium cation was modelled as a 5-bead
chain with 1 hydrophilic bead and 4 hydrophobic beads. The hydrophilic
bead was modelled as Martini bead type Q0, while the hydrophobic beads
where modelled as bead types C1, and C2. Other details of the particle
definition are presented in table tables 4.1 to 4.5.
Table 4.1: Branched worm-like micelle particle types.

Index

Martini Bead Type

Atoms

Charge

Cetyltrimethylammonium cation
1

Q0

CH2 -CH2 -N+ -C3 H9

1

2

C2

C3 H6

0

3

C2

C3 H6

0

3

C2

C4 H8

0

3

C2

C4 H9

0

C-OO−

-1

Salicylate anion
1

Qa
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Continuation of Table 4.1
Index

Martini Bead Type

Atoms

Charge

2

SC4

C2 -OH

0

3

SC4

C2 H2

0

4

SC4

C2 H2

0

Na+

1

Cl−

-1

4H2 O

0

4H2 O

0

Sodium ion
1

Qd
Chloride ion

1

Qa
Water

1

P4
Anti-freeze water

1

BP4

Table 4.2: Branched worm-like micelle angle interaction parameters.

i

j

k

Angle(degrees)

Force Constant(kJ/mol · nm2 )

Cetyltrimethylammonium cation
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Continuation of Table 4.2
i

j

k

Angle(degrees)

Force Constant(kJ/mol · nm2 )

1

2

3

180

25

2

3

4

180

25

3

4

5

180

25

4

5

6

180

25

Salicylate anion
1

2

3

150

25

1

2

4

150

25

2

3

4

60

25

3

4

2

60

25

4

2

3

60

25

Table 4.3: Branched worm-like micelle bond interaction parameters.

i

j

Bond length(nm)

Force Constant(kJ/mol)

Cetyltrimethylammonium cation
1

2

0.47

1250
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Continuation of Table 4.3
i

j

Bond length(nm)

Force Constant(kJ/mol)

2

3

0.47

1250

3

4

0.47

1250

4

5

0.47

1250

Salicylate anion
1

2

0.47

1250

2

3

0.33

20000

2

4

0.33

20000

3

4

0.33

20000

Table 4.4: Branched worm-like micelle Lennard Jones pair-wise interaction parameters.

Interacting pair

ij (kJ/mol)

σij (nm)

P4 - BP4

5.6

0.57

P4 - P4

5.0

0.47

P4 - Qa

5.6

0.47

P4 - Q0

5.6

0.47

P4 - Qd

5.6

0.47
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Continuation of Table 4.4
Interacting pair

ij (kJ/mol)

σij (nm)

P4 - C1

2.0

0.47

P4 - C2

2.3

0.47

P4 - SC4

2.7

0.47

Qa - Qa

5.0

0.47

Qa - Q0

4.5

0.47

Qa - Qd

5.6

0.47

Qa - C1

2.0

0.62

Qa - C2

2.0

0.62

Qa - SC4

2.7

0.47

Q0 - Q0

3.5

0.47

Q0 - Qd

4.5

0.47

Q0 - C1

2.0

0.62

Q0 - C2

2.0

0.62

Q0 - SC4

2.7

0.47

Qd - Qd

5.0

0.47
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Continuation of Table 4.4
Interacting pair

ij (kJ/mol)

σij (nm)

Qd - C1

2.0

0.62

Qd - C2

2.0

0.62

Qd - SC4

2.7

0.47

C1 - C1

3.5

0.47

C1 - C2

3.5

0.47

C1 - SC4

3.1

0.47

C2 - C2

3.5

0.47

C2 - SC4

3.1

0.47

SC4 - SC4

3.5

0.43

Table 4.5: Branched worm-like micelle simulation box details.

System Information

Value

Water beads

675000

Anti-freeze water beads

67500

Salicylate beads

882

Sodium beads

882
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Continuation of Table 4.5
System Information

Value

Cetyltrimethylammonium beads

242

Chloride beads

242

Micelle dimension

33.7nm × 17.5nm × 8.7nm

Box size

36.4nm × 75.3nm × 43.2nm

Equilibrium and extensional molecular dynamics simulations were carried
out using the LAMMPS77–79 package. During equilibrium simulations, NPT
ensemble at 300K and 1 atm was obtained using the Nose Hoover thermostat
and barostat. The gyration tensor G was calculated from the coordinates
obtained during equilibrium simulations, such that

Gi,j

N
1 X k
=
(ri − ricm )(rjk − rjcm ),
N

(4.1)

k=1

where N is the number of particles in the self-assembled structures, ri is the
x, y, or z coordinate of a particle in the self-assembled structures, and ricm
is the centre of mass of the x, y or z coordinate. A characteristic time-scale
for this structure is obtained from the autocorrelation of the eigen vector of
the largest eigen value of the gyration tensor. This characteristic time was
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estimated to be 4ns as seen in fig 4.1.
(a)

Figure 4.1: Autocorrelation function of (a)branched worm-like micellar orientation.

In non-equilibrium simulations, the system was kept at 300K. The flow direction underwent uniaxial extension at predefined extensional rates while the
compression directions were maintained at 1 atm. In constructing the simulation system, the principal orientation axis of the self-assembled structure
was the X direction such that uniaxial extension applied in the X and Y
directions will be parallel and normal to the principal orientation axis of the
structure. Extensional deformations were carried out in X and Y directions
at W i ∼ 0.3, 0.9, 3, 9, 30, 90 until an accumulated strain of 10 units. Care
was specifically taken to ensure the box dimensions were large enough to
prevent interactions between particles and their periodic image during the
course of the simulation. After accumulated strains values of 1, 3, and 5;
the coordinates of the particles in these systems were extracted and equilib86

rium simulations were performed to observe stress and structural relaxation
following uniaxial extensional deformation.

4.3
4.3.1

Results and Discussion
Effect of Deformation Rate on Dynamics of Branched

Worm-like Micelle
The dynamics and stress response of this system was observed to depend on
the deformation rate. When the deformation rate was such that W i ∼ 0.3,
branch sliding was observed. This is in agreement with theories,2 and other
computer simulations.11, 144 During the course of this investigation, flow
induced branch sliding caused structural transition from branched to simple worm-like micelle. Axial perturbation and flow-induced translation was
also observed in this micellar dynamics. At this low deformation rate, sufficient micellar relaxation can occur during deformation to prevent significant
distortion of micellar micro-structure and the development of unfavourable
polar-apolar interactions that decreases entropy of the system, as seen in
figs. 4.2 to 4.4.
Micellar scission is thought to result from relatively non-homogeneous counterion translation during deformation that cause local ion depletion in regions
and local high-energy regions within the micellar contour length, resulting in
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increased susceptibility to scission.68 Micellar axial and contour length perturbations are proposed to be responsible for stress distribution along the
micellar contour that neutralised local high energy regions along the micellar contour length, hence reducing the incidence of micellar scission at this
deformation rate.
(a)

(b)

Figure 4.2: Effect of Wi on (a)stress and (b)elastic modulus of branched worm-like micelle.

(a)

(b)

Figure 4.3: Effect of Wi on (a)total and (b)pair-wise potential energy of branched worm-like micelle.
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(a)

(b)

Figure 4.4: Effect of Wi on g(r) of (a)apolar-apolar and (b)apolar-polar branched worm-like micelle
moieties after accumulated strain of 5 at equilibrium (2), W i ∼ 0.9 (O), W i ∼ 9 (4), and W i ∼ 90 (+).

When the time scale of deformation rate was on the same order as the micellar longest relaxation time (i.e. W i ∼ 3), this branched micelle was stretched
in the direction of flow. This is because the heightened rate of deformation
did not afford the micelle sufficient time to relax whilst undergoing uniaxial
deformation. This diminished ability to relax caused significant distortion in
the micro-structure that led to the development of unfavourable polar-apolar
interactions. Development of unfavourable interactions caused decrease in
the entropy of the system and increased stress response as seen in fig 4.5. Particularly, the ineffectiveness of axial perturbations, resulted in development
of local regions of high energy that encouraged micellar scission along the
micellar contour. After micellar scission, the child-micelles continued to undergo flow-induced translation. Though further scission of the child-micelles
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were not observed in this experiment, they are theoretically possible if the
child-micelles develop local high-energy regions that make micellar scission
energetically favourable.
(a)

(b)

(c)

(d)

Figure 4.5: Branched worm-like micelle structures at accumulated strain of (a)0, (b)2, (c)4, and (d)6.
In each image, the structure at W i ∼ 30 is depicted at the left; W i ∼ 3 in the middle; W i ∼ 0.3 at the
right.

When the deformation rate occurred at a time-scale that was shorter than
the relaxation time, (i.e. W i ∼ 30), severe distortions were done to the
micellar structure, resulting in development of interactions between incompatible pairs, and the consequent decrease in micellar entropy. This decrease
in entropy is manifested in the significantly higher stress response presented
in fig 4.2.
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The analysis of the elastic modulus, shown in fig 4.2, typifies the trend of
stress response as a function of deformation rate. When the deformation rate
was low and the micelle had sufficient time to relax during the deformation,
a more solid-like response was observed. However, increasing deformation
rate till its time-scale becomes comparable with the time-scale of relaxation
caused a more liquid response from these micellar systems.

4.3.2

Effect of Orientation on Dynamics

Branched worm-like are anisotropic in shape. Thus, significant differences
between the structural and stress response were expected between flow parallel (henceforth called parallel-direction flow) and normal (henceforth called
normal-direction flow) to the micellar orientation. The findings obtained
from this investigation were generally in agreement with this presumption.
At low deformation rate, branch sliding, flow-induced translation, and axial perturbations were observed in these systems. However, unlike paralleldirection flow, flow-alignment was also observed in these systems. As a
result of the efficient stress release mechanisms at this deformation rate,
excess energy applied to these systems at this deformation rate were neutralised, thereby preventing micro-structure distortion and micellar scission.
As the deformation rate was increased, the branched worm-like micelle was
less efficient at neutralising excess energy, resulting in more significant micro91

structure distortions and micellar scission.
(a)

(b)

(c)

Figure 4.6: Effect of branched worm-like micellar orientation on stress response at (a)W i ∼ 0.3
(b)W i ∼ 3 (c)W i ∼ 30 in parallel (O) and normal (4) direction deformation field with respect to
micellar principal orientation.

(a)

(b)

(c)

Figure 4.7: Effect of branched worm-like micellar orientation on pair-wise micellar energy at
(a)W i ∼ 0.3 (b)W i ∼ 3 (c)W i ∼ 30 in parallel (O) and normal (4) direction deformation field with
respect to micellar principal orientation.

The analysis of the stress response showed some variations between normaldirection and parallel-direction flow, as shown in 4.6. In normal-direction
flow, low and high deformation rate showed less disparity in stress while
moderate deformation rate showed larger stress disparity. Similar disparity
with deformation direction were also observed in total and pair-wise interaction potential energy as well as the spatial distribution of the micellar

92

(a)

(b)

(c)

Figure 4.8: Effect of branched worm-like micellar orientation on apolar-apolar spatial distribution at
(a)W i ∼ 0.9 (b)W i ∼ 9 (c)W i ∼ 90 in parallel (O) and normal (4) direction deformation field with
respect to micellar principal orientation.
(a)

(b)

(c)

Figure 4.9: Effect of branched worm-like micellar orientation on apolar-polar spatial distribution at
(a)W i ∼ 0.9 (b)W i ∼ 9 (c)W i ∼ 90 in parallel (O) and normal (4) direction deformation field with
respect to micellar principal orientation.

moieties, as seen in figs. 4.8 to 4.9.
This disparity can be explained by the fact that at moderate deformation
rate, flow alignment occurs in normal-direction flow unlike parallel-direction
flow. This flow alignment dissipates some of the excess energy added into the
system by uniaxial deformation. Thus, for the same deformation rate, less
significant distortion occurs in normal-direction flow compared with paralleldirection flow. The unobservable disparity at low deformation rate is proposed to be due to very effective stress and excess energy dissipation by the
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stress release mechanisms. Whilst the reduced disparity in high deformation
rate is proposed to be due to fast deformation that prevents effective relaxation and flow-alignment before significant micro-structure distortion. When
complete flow alignment occurs in moderate deformation rates, elimination
of the observed disparity is anticipated.

4.3.3

Stress and Structural Relaxation

Upon cessation of uniaxial extensional deformation, abrupt re-orientation
of hydrophobic beads, such that they were shielded from unfavourable interactions with water, occurred. Furthermore, when the structure had not
undergone scission or transition to simple worm-like micelle, structure recoverability was possible during relaxation after extensional flow in all extensional rates investigated.
When W i ∼ 0.3 and sufficient accumulated strain has elapsed for structural
transition to occur, the newly formed simple worm-like micelle persisted during equilibrium following extensional flow. When Wi ≥ O(1) and sufficient
time had elapsed for micellar scission to occur, the resulting child-micelles
relaxed into spherical and short worm-like micelles. The number of childmicelles obtained from the relaxation of the parent micelle in grew with
the deformation rate and the accumulated strain at the time of observation.
Excluding the situation where uniaxial extension were discontinued before
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(a)

(b)

(c)

(d)

Figure 4.10: Branched worm-like micelle (a)stress and structure at (b)1λ (c)3λ (d)5λ upon cessation
of uniaxial extensional deformation. In each image, the structure at W i ∼ 30 is depicted at the left;
W i ∼ 3 in the middle; W i ∼ 0.3 at the right.

scission or structural transition, recovery of the initial structure was not observed in the time frame of investigation, though it is theoretical possible
given sufficient time. Similar results were also obtained for normal-direction
flow as well.
Similar to dilute polymer solutions,80–83 Stress relaxation following uniaxial extensional flow was found to undergo exponential decay as seen in fig
4.10. The decay rate was larger than the longest relaxation time of this
micellar structure. This resulted in the stress relaxation fractions of the
micellar longest relaxation time. This observation agrees with multi-mode
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stress relaxation models of complex fluids.
(a)

(b)

(c)

(d)

Figure 4.11: Loading (O) and unloading (4) stress hysteresis at (a)W i ∼ 0.9, (b)W i ∼ 9, and
(c)W i ∼ 90. (d)Area under the loading-unloading curve of branched worm-like micelle as a function of
accumulated strain.

In congruence with the predictions of the finite extensible non-linear elastic
(FENE) model, and the observations of dilute polymer solutions,80–83 hysteresis was noticed in the loading stress (i.e. the stress response when uniaxial extensional deformation was applied) and the unloading stress (i.e. the
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stress response in relaxation following uniaxial deformation) was observed.
In this solution, the hysteresis is thought to be a caused by the development
of unfavourable interactions between polar and apolar moieties. The abrupt
stress relaxation that occurred before structural recovery, as seen in fig 4.10,
supports this hypothesis that hysteresis in micellar systems are linked to
particle interactions as opposed to structural evolution during loading and
unloading.
Furthermore, stress hysteresis was observed to grow with accumulated
strain and deformation rate as seen in fig 4.11. Stress hysteresis is thought
to be related to the energy absorbed by the complex fluid. Along the lines
of this hypothesis, increase of hysteresis with rate of deformation and total
accumulated strain can be explained. Increased accumulated strain implies
a greater time frame for addition of excess energy via uniaxial extension.
Similarly, the increase of stress hysteresis with deformation rate can be understood to be due to less effective micellar stress relaxation and energy
dissipation whilst undergoing uniaxial extensional deformation.

4.4

Conclusion

Branched micellar systems were subjected to uniaxial extensional deformation in directions normal and parallel to its orientation. In both normal- and
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parallel-direction flow, branch sliding, micellar drift in flow direction, flow
alignment and axial perturbations were observed at low deformation rate.
These stress relaxation mechanisms effectively neutralised the stress along
the micellar contour length such that micellar scission was not observed. The
sliding of branches resulted in structural transition from branched to simple
worm-like micelles.
As deformation rate increased, the stress relaxation mechanisms became less
effective at neutralising the excess applied energy to the system and micellar
scission occurred. At even higher deformation rates, severe micro-structure
distortion occurred that encouraged interactions between incompatible moieties in the system, giving rise to lower entropy and higher stress response.
Some excess energy applied to the system during normal-direction flow was
expended in flow-alignment. Thus, the distortion of the micro-structure
was less severe and caused decreased development of solvent-solvophobic
interactions, lower entropy change, and lower stress response compared with
parallel-direction flow.
When the simple micelle formed from branch sliding was relaxed after deformation, it persisted during the time frame of this investigation. When
the child-micelles formed from the scission were relaxed, they also persisted.
These structures could potentially undergo recombination and transformation into structures similar to the parent micelle, given sufficient time.
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Stress was observed to exponentially relax with a deformation rate that was
greater than the micellar relaxation time; causing stress relaxation within
a time frame shorter than the longest relaxation time of the micelle. Hysteresis in the loading and unloading stress was observed to increase with
accumulated strain and deformation rate.
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Chapter 5
Summary and Future Outlook

5.1

Introduction

Surfactants are surface active molecules that promote miscibility; and reduce excess energy at interfaces of otherwise immiscible fluids.3–11 They
are characterised by solvophilic and solvophobic moieties that spontaneously
self-assemble at a surfactant-specific concentration, called the critical micellar concentration, into structures that are generally called micelles. This
self-assembly process is entropically driven and aimed at mitigating unfavourable solvent-solvophobic interactions, while simultaneously minimizing steric and/or electrostatic intra-micellar repulsions. Micellar structures
consist of a solvophobic core and a solvophilic crown that encompasses the
core.
In aqueous/polar solutions, micellar structures are typically characterised by
non-ionic, cationic, anionic, or zwitterionic hydrophilic/lipophobic crowns
and hydrophobic/lipophilic cores. In apolar solutions, micellar structures,
typically called reverse micelles, consist of lipophilic crowns and lipophobic
cores. Micellar structures have found applications in hydrotropy, biomimet100

ics, dispersion and emulsification, enhanced oil recovery,12 detergency, templating, drug delivery, personal care products, drag reduction,13 nanoscale
reaction vessels, therapeutic gene delivery, bio-catalysis and so on.
Despite the tremendous progress in understanding the underlying mechanisms behind micellar dynamics and kinetics, experimental methods can be
limited by their inability probe, observe and quantify interactions in molecular systems with accuracy at the length and time scale of molecular processes.
To this effect, several molecular dynamics simulation methods have been developed to complement the insight obtained from experimental studies on
molecular systems. Utilising coarse-grained molecular dynamics, this study
is aimed at simulating different micellar systems with the purpose of understanding the dynamics, stress and structural response to uniaxial extensional
flow field.

5.2

Dynamics Of a Spherical Vesicle

In Chapter 2, uniaxial extension deformation was imposed on a system consisting of solvated spherical vesicle. At certain predefined deformation rates
and accumulated strain, the structures were extracted, analysed and subjected to equilibrium simulation for the observation of stress and structural
relaxation.
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At low deformation rate, this vesicle was observed to undergo flow-induced
translation (with no observable perturbations to its aspect ratio) as its predominant stress release mechanism. At deformation occurring at a time-scale
comparable to the relaxation time, distortions to the aspect ratio were observed. At deformation rates with time-scale much shorter than relaxation
time, significant distortions were observed in the vesicular micro-structure.
The vesicle was observed to be particularly "resistant" to scission and it was
suggested that its shape isotropy aided in the distribution of stress across
the vesicular surface area, making it easy to neutralise local build up of
stress that has been known to cause vesicular scission. The orientation of
deformation was observed to have insignificant impact to vesicular stress,
dynamics and structural response to uniaxial deformation. This is proposed
to be due to the uniformity of its aspect ratio.
Spherical vesicles were also found to readily relax with the initial decay
matching an exponential function. The exponential decay rate was found
to be greater than the longest relaxation time of the vesicle, resulting in
stress relaxation in fractions of the longest relaxation time. Hysteresis in
the loading and unloading stress was observed to increase with the rate of
deformation and total accumulated strain.
In all investigated deformation rates and accumulated strain, structural recovery in relaxation following uniaxial extensional deformation was achieved.
102

These characteristics of spherical vesicles make them particularly suited for
nano-carrier applications, such as in drug delivery.

5.3

Dynamics Of Cylindrical Micelles

In Chapter 3, uniaxial extension deformation was imposed on a system of
solvated cylindrical micelles in directions parallel and normal to the micellar orientation. At certain predefined deformation rates and accumulated
strain, the structures were extracted, analysed and subjected to equilibrium
simulation.
At low deformation rate and parallel-direction flow, these micelles underwent
flow-induced translation, and axial perturbations as stress release mechanisms. As the time-scale of deformation shortened, these relaxation mechanisms became inefficient at relaxing the stress on the micelle causing microstructure distortions, micellar scission, decrease in entropy and increase in
stress response. The child-micelles formed from the scission of worm-like
micelles were of different lengths suggesting that micellar scission occurs
randomly on the micellar contour length, as predicted by the mean field
theory.
When the micelle was exposed to normal-direction flow, flow-alignment occurred as a potentially additional source of stress relaxation. On average, the
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stress response from normal-direction flow was lower than parallel-direction
flow due to energy expended in undergo flow alignment. When complete flow
alignment is achieved, it is proposed that the stress disparity in parallel- and
normal deformation will be eliminated.
Micellar scission was observed to readily happen in relaxation following
parallel-direction flow, unlike in normal-direction flow. When normal-direction
flow was applied to the worm-like micelle system, structural transition to
branched worm-like micelle occurred in relaxation after deformation at high
deformation rate. These child-micelles obtained can theoretically recombine
to form a structure similar to the parent micelles, though this was not observed during the time frame of this investigation.
Micellar stress was observed to exponentially relax in these systems, similar
to previous studies of dilute polymer solutions. The decay rate of this exponential function was found to be larger than the longest relaxation time of
this micelle, enabling the micelle to relax in a fraction of its relaxation time.
Hysteresis in the loading and unloading stress was observed to increase with
deformation rate and accumulated strain.
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5.4

Dynamics Of a Branched Worm-like Micelle

In Chapter 4, branched micellar systems were subjected to uniaxial extensional deformation in directions normal and parallel to its orientation. In
both normal- and parallel-direction flow, branch sliding, micellar drift in
flow direction, flow alignment and axial perturbations were observed at low
deformation rate. These stress relaxation mechanisms effectively neutralised
the stress along the micellar contour length such that micellar scission was
not observed. The sliding of branches resulted in structural transition from
branched to simple worm-like micelles.
As deformation rate increased, the stress relaxation mechanisms became less
effective at neutralising the excess applied energy to the system and micellar
scission occurred. At even higher deformation rates, severe micro-structure
distortion occurred that encouraged interactions between incompatible moieties in the system, giving rise to lower entropy and higher stress response.
Some excess energy applied to the system during normal-direction flow was
expended in flow-alignment. Thus, the distortion of the micro-structure
was less severe and caused decreased development of solvent-solvophobic
interactions, lower entropy change, and lower stress response compared with
parallel-direction flow.
When the simple micelle formed from branch sliding was relaxed after de105

formation, it persisted during the time frame of this investigation. When
the child-micelles formed from the scission were relaxed, they also persisted.
These structures could potentially undergo recombination and transformation into structures similar to the parent micelle, given sufficient time.
Stress was observed to exponentially relax with a deformation rate that was
greater than the micellar relaxation time; causing stress relaxation within
a time frame shorter than the longest relaxation time of the micelle. Hysteresis in the loading and unloading stress was observed to increase with
accumulated strain and deformation rate.

5.5

Future Outlook

In this dissertation, the response of a spherical vesicle was simulated in aqueous solution because nano-carriers for targeted drug delivery is an emerging
use for spherical vesicles. As a simplistic first step, the vesicle was simulated
in water since blood contains a high volume fraction of water. However,
in the nano-scale, blood contains several dissolved solids, electrolytes and
nano-particles. These blood constituents may potentially interact with the
spherical vesicle and affect its dynamics, structure and stress response under
uniaxial extensional flow. In order to have a more realistic understanding
of micellar dynamics and structural configuration under uniaxial extensional
106

flow, more realistic systems than the simplistic systems found in this study
could be done.
Furthermore, this dissertation studied the dynamics of cylindrical and branched
worm-like micelles under extensional flow applied in a direction parallel
(parallel-direction flow) and normal (normal-direction flow) to the orientation of each micellar structure. However, these simulations were done in
infinitely dilute systems. To further improve this body of knowledge, the
changes in structure, dynamics and stress release mechanisms could be investigated as a function of increasing concentration.
In these cylindrical systems, flow-induced translation and axial perturbations were observed to be a dominant stress release mechanism. However
normal-direction flow was observed to have a stress and structural disparity
compared with parallel-direction flow. The dependence of the orientation
on micellar rheological and structural characteristics has not been fully explored. Though it is proposed that the disparity in stress, energy and spatial
distribution will be eliminated once flow alignment is completed, this can potentially be further studied and confirmed.
Finally, for completeness, the structural and rheological characteristics of
each micelle under tangential deformation can be explored and compared
with the characteristics under extensional deformation.
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Skills & Competences
Javascript, MongoDB, Node.JS, Express.JS, HTML5, CSS3, Mongoose, C++, Python, Git, Cloud Computing (AWS,
Digital Ocean), Bootstrap, Semantic UI, Linux OS, Matlab, Teaching, Data Analysis, Mentorship, Leadership,
Objectivity and Big-picture thinking.

Experience
Complex Fluids Research Assistant
Department of Biomedical and Chemical Engineering

▪
▪
▪
▪
▪
▪
▪
▪

August 2014 – August 2018
SYRACUSE UNIVERSITY

Conceived project to obtain data-driven recommendations for micellar structure in nanocarrier drug
delivery application
Identified molecular models and simulation packages that most efficiently used available
computational resources
Utilized Ubuntu Linux based Infrastructure-as-a-service (IaaS) and Platform-as-a-service (PaaS) cloud
computing instances with GPU, CPU and multi-processing (OpenMP) capabilities
Used C++ and Python to develop simulation scripts for LAMMPS and GROMACS molecular dynamics
simulation packages
Modelled and simulated nanoscale surfactant systems to investigate their structural and dynamic
response to uniaxial extensional flow
Generated hundreds of gigabytes of simulation data using molecular simulations then processed the
data and performed scientific analysis and calculations to compute rheological properties using selfdeveloped C++ and Python programs
Analysis of micellar structures identified an optimal structure that minimized risk of constrictioninduced premature drug release by ~87% on average
Presented data and conclusions using self-developed Python scripts through libraries such as SciPy,
Numpy and Matplotlib

Fluid Mechanics Teaching Assistant

Fall 2015, Fall 2017

Department of Biomedical and Chemical Engineering
SYRACUSE UNIVERSITY
▪ Assisted and facilitated the instruction of courses with class sizes of approximately 80 students
▪ Hosted over 6hrs of weekly office hours with average attendance of over 80%
▪ Graded and evaluated student performance and understanding of the subject matter
▪ Kept track of student attendance and participation and reached out to under-performing students
▪ Rendered additional assistance to boost student performance and mitigate risk of college drop-out
▪ Went above and beyond job description to hold office hours and exam review on demand to better
support and assist students

Research Assistant

August 2013 – August 2014

Department of Chemical Engineering
UNIVERSITY OF PENNSYLVANIA
▪ Studied oxygen conductivity in Yttria-stabilised-Zirconia (YSZ) perovskite membranes with the aim of
developing an environmentally friendly method of producing hydrogen gas for fuel cell applications
▪ Synthesized YSZ perovskite fuel cell membranes
▪ Performed oxygen-conductivity tests on the synthesized membranes
▪ Analysed data for observable trends in oxygen conductivity with variation in composition and
synthesis
▪ Presented graphical visualization of trends from analysis using Octave

Auditor

November 2011 – October 2012

Operations Support Department
Exxon Mobil
▪ Monitored daily records of company production, expenditure and assets worth over $1M at off-shore
and on-shore platforms
▪ Identified individual platform threshold beyond which discrepancies in production records were
flagged as potentially erroneous or fraudulent
▪ Performed quarterly reconciliation of production records

Operations Manager

October 2010 – October 2011

Ackinu Services
▪ Coordinated daily activities of the organization
▪ Planned and executed humanitarian projects to generate optimal results with available resources
▪ Assisted under-privileged students in successfully completing mandatory regional examinations by
providing educational and financial resources
▪ Identified methods and developed programs that optimised resources and reduced redundancy in
project time and resources

Project
HTTP://EVIMERIA.TK/

▪
▪
▪
▪

Registered domain name and configured a Platform-as-a-service cloud computing instance on amazon
web service.
Photo blog, to-do list, weather and stock market web applications were developed and hosted using
front-end (Javascript, HTML5, CSS3, jquery, Bootstrap) and back end (Javascript, Mongodb, Mongoose,
Express.js, Node.js) tools.
Get, post, put, delete routes for creating, viewing, editing and deleting documents on the database
were done in compliance with RESTful web routing
Express.JS web development framework was used. Node.JS was used for JavaScript runtime execution.
Node package manager (NPM) was used to install and track packages used in the deployment of this
project.

Education
▪
▪
▪

PHD Chemical Engineering
Masters Chemical Engineering
Bachelors Petroleum Engineering

Syracuse University, Syracuse NY
University of Pennsylvania, Philadelphia, PA
Federal Unitech Owerri

August 2018
August 2014
August 2010

Courses and Certification
▪
▪
▪
▪
▪

Algorithms and Data Structures
Machine Learning
DAT101x: Data Science Orientation
DAT201x: Querying with Transact-SQL
The Web Developer Bootcamp

Ongoing
Ongoing
Completed
Completed
Completed

Awards
▪
▪
▪
▪

Phi Beta Delta International Scholarship Award
President’s Fellowship
Exxon/Esso Scholarship
Shell National Merit Award

2015-2018
2014-2016
2012-2014
2006-2010

Page 2

